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INTRODUCTION
Engineering capstone design courses are part of most engineering programs in Canada. They offer students a unique opportunity to apply their knowledge and creativity on real world problems. While they are an extensive undertaking for students, they are also challenging for instructors to coordinate; the variety of projects and the need of regular feedback being key organizational challenges. From the students' perspective, summarizing what is often a year of work in a final submission is also all too often an overwhelming task.
Time is also a major constraint in the capstone design course. The end date of the course is set by a rigid University calendar and the design projects must be efficiently managed if they are to be successfully completed before the last day of classes. This requires an early identification of the main design tasks along with a judicious division of the total available time between the tasks. Because the capstone design project is typically the first significant design experience of the students, they need guidance to pace them through this exercise. This is normally accomplished by setting milestone deadlines that must be met during the course. Not only do milestones provide guidance but they also standardize the learning experience and progression of every team, making them a staple and integral part of most capstone design courses [1] . Without guidance, inexperienced students tend to procrastinate and produce last-minute work whose quality is disappointing for both students and instructors. The milestones define the dates when key tasks are to be completed and usually involve the submission of deliverables such as progress reports, drawings or prototypes. Assessment frameworks and rubrics on how to mark milestone submissions are also very common as there is a need to ensure that all advisors evaluate teamwork consistently while also ensuring learning objectives match engineering program requirements [2, 3] . Feedback provided by advisors on the work delivered by each team is an essential element of any capstone design course [4] .
Our objective was to create and evaluate a universal milestone framework for coordinating the work of students and mentors in the two-semester chemical process design course at the University of New Brunswick. The framework consists of eight evenly spaced milestones which are designed to be applicable to any client-based project undertaken in the course. A novel aspect of the framework is the requirement that milestone reports be structured as sections of the final report. Hence, by continuously revising each section using mentor feedback provided after each milestone submission, the students are gradually improving their design throughout the academic year and assembling a University of Toronto; June 4 -7, 2017 -2 of 6 -final report of high quality. This approach provides a rich learning experience for students and brings about improvement in submission quality. While this platform was developed for a chemical engineering capstone design course, the authors believe this milestone structure can be adapted to senior design courses in other engineering disciplines.
COURSE OVERVIEW

Course Structure
The capstone design course ChE 4225 in the Chemical Engineering program at the University of New Brunswick is a two-semester course which runs between September and April of the academic year. Students are divided into teams of four or five students and must complete the preliminary design of a chemical process. All design projects are sponsored by local companies and two teams are assigned per project.
The two teams work independently and produce separate reports. The students must review the technical and patent literature to evaluate potential solutions, propose a suitable process involving only proven technologies, perform mass and energy balances preferably using process simulation software (e.g. ASPEN or HYSYS), size the equipment, and determine the economic viability of their proposed system. The main team deliverable is a comprehensive final report for the client which contains a detailed description of the proposed process.
Each team is co-mentored by a faculty member and a practicing engineer. The practicing engineer meets weekly with each team under his supervision and provides written feedback on the progress reports submitted periodically by the students. The faculty co-mentor also has regular meetings with the students and supplements the written comments of the industry co-mentor before the annotated reports are returned to the students. The role of the co-mentors is that of coaches and counsellors who must motivate and guide the students.
The students choose their teammates and the project on which they prefer to work. Brief project descriptions are provided to the students at the beginning of the year to guide their selection. The projects completed every year cover a wide range of topics as shown in Table 1 . Supplemental information about the course, the design review meetings and the role of peer evaluations in the determination of student grades can be found in previous publications [5, 6] .
Course Administration
In 2016-17, 53 students (divided into 12 teams), 6 clients, 6 industry co-mentors, and 8 faculty co-mentors (including the three authors) participated in the course. A strong underlying organization is required to coordinate the activities of all participants and ensure that students receive adequate guidance and fair evaluations. Two course coordinators are responsible for the overall management of the course (first two authors). They use a universal milestone framework to coordinate the efforts of students and co-mentors. The milestone documents [5] define the tasks that must be completed by all teams and provide a common marking scheme for the co-mentors. This management tool helps reduce variability in the expectations of co-mentors and ensures more uniformity in the quality of the designs and final reports.
UNIVERSAL MILESTONE FRAMEWORK
Philosophy
Although the different student groups are tackling widely different design projects as is shown in Table 1 , they must all go through the steps of the design methodology [7] to solve their design problem. This is the basis for the structure of our universal milestone framework. We know from experience that the projects will likely not be successful unless key design steps are essentially completed by certain dates of the academic year. We therefore help students with the overall management of their projects by setting the date when the first attempt at completing each major design step must be finalized. We refer to them as milestone dates.
On each milestone date, students must submit to their co-mentors a team report on the work accomplished since the last milestone. The report is evaluated by the comentors and returned to the students with feedback. This 
Milestone Frequency
The frequency of the milestones is important. There must be enough time between milestones for mentors to provide feedback and for the students to reflect on this feedback before the next submission. We find that a spacing of three weeks is ideal. This spacing allows for four milestone reports per semester or eight in total. The co-mentors aim to mark and return the reports to the students within 1.5 weeks of their submission. This leaves the students with 1.5 weeks to incorporate their co-mentor feedback in their design before the submission of the next milestone report. This approach provides students with many opportunities for practice and feedback, in line with best teaching practices [8] .
Milestone Tasks
The students in ChE 4225 carry out the preliminary design of a chemical process by completing the activities of the first two phases of the complete design process: conceptual design and embodiment design [7] . We pace the students by dividing the activities into eight evenly spaced milestones (four per semester) that all teams must complete. The due date for each milestone is defined in the course schedule given to the students at the beginning of the year (Table 2) . Each milestone contains a set of tasks that apply to all projects. The approach that should be used to complete the tasks is reviewed in the weekly class lectures. The eight milestones and their associated tasks are: 1. Problem definition: identify the needs of the client, define the scope of work and the battery limits, and include information about the design constraints. 2. Literature review: gather information using the internet, patents and technical literature; perform market analysis; identify proven technologies and published capital and operating costs. 3. Conceptual design: generate design concepts, select most appropriate concept using a decision matrix, size all equipment shown in PFD to a level of detail sufficient to obtain an estimate of the purchased cost; using ASPEN capital cost estimator or other costing techniques described in textbook [9] , obtain an estimate of (a) the purchased and installed cost of each piece of equipment, (b) the fixed capital investment, and (c) the total capital cost; using flows from PFD estimate the annual cost of raw materials and utilities; and estimate the total annual cost for your process. 7. Economic analysis: calculate annual revenue or savings provided by your process; determine the after-tax cash flows for the first 15 years of operation; determine the payback period, the return on investment and the internal rate of return (IRR), examine effects of uncertainties in inputs using a sensitivity analysis, discuss results and make recommendations. The preliminary design procedure completed by the students yields a Class 4 economic study estimate with a precision of +/-20 to 30% [10] which is used by the client to determine whether the proposed process is economically viable and worth taking to the third and last phase of design: detail design [7] . There is not enough time in ChE 4225 to undertake the detail design of the equipment.
The processes proposed by the students must be physically realizable. Since it is not feasible to build physical prototypes to test their validity, we rely on the practical experience of the co-mentors to determine whether the designs are technically viable. We also ask each team to build, where applicable, a digital prototype of their process using the simulation software HYSYS or ASPEN to verify that mass and energy balances close and that proposed operating conditions do not violate basic principles. Furthermore, we insist that the processes proposed by the students involve only proven technologies. Chemical processes require large capital investments and clients are reluctant to take risks with unproven technologies. Students can nonetheless be creative by suggesting innovative ways of combining proven technologies, minimizing utilities, optimizing operating conditions, etc.
Compilation of Final Report
Further gains in efficiency are obtained by requiring that milestone progress reports be formatted as sections of the final report and that each milestone submission be a compilation of the sections that have been written to date. In other words, each milestone submission includes (1) a new section summarizing the work completed since the last milestone and (2) previous sections that have been revised to include co-mentor feedback and design improvements. In this manner, the final report of each group gets assembled progressively as students work on their milestone submissions.
The suggested major sections of the final report are listed in Table 3 . In reviewing each milestone submission, the co-mentors focus most of their comments on the newly added section but also provide additional comments on the revised sections of the report.
Report writing and design are iterative processes, and each design group must continuously modify their report as design changes are made and new sections are added. Streamlining of the draft report requires some rework but produces a final report of high quality.
The first seven milestone reports are each worth only 5% of the overall mark whereas the final report is worth 45% of the final mark (Table 4 ). The weighting on the first seven milestones is small in order to not heavily penalize students for making mistakes as they undergo the first pass through each design step. Students who are fearful of making mistakes are typically not creative [8] .
It is expected however that the students will learn from their mistakes and the feedback provided by the comentors and will produce a final report of high quality. This is the reason why the final report is assigned a large weighting. 
RESULTS AND DISCUSSION
The universal milestone framework is like a train that leaves the station on the first day of classes and moves at constant speed during the academic year. Students complete their design by keeping up with the train. The train may be moving at constant speed but this does not imply that the design process is linear. The milestone deadlines are the dates when the first pass through each major design step must be completed. Issues that arise as the design progresses are invariably resolved by revising work done at previous design steps. The students must perform the revisions while keeping pace with the train to not fall behind on the work that must be submitted at the next milestone due date. Over 77% of the students surveyed in April 2017 agreed or strongly agreed that the milestones were clear, supported their design project and required an acceptable amount of work (Table 5) . Similar results were obtained in 2013 when the same survey was conducted [5] .
The milestones and weekly meetings with co-mentors compel students to work steadily on their design project. This approach ensures deliverables are consistent for every team regardless of their project, which results in a streamlined experience for both students and instructors. As in the 2013 survey [5] , the vast majority of students agreed or strongly agreed that having a milestone due every three weeks provided effective pacing and that the course was a positive learning experience ( Table 5) .
As an added benefit, the universal milestone framework used at UNB facilitates the progressive assembly of a high-quality final report since each milestone report is tailored to be a section of the final report. Students use the feedback on the draft sections submitted at each milestone to improve their final report throughout the year. This constant supply and application of feedback enhances the quality of the final report of the students. It also avoids the stress and burden associated with having to write the final report at the end of the year. This approach provides a rich learning experience for students and brings about improvement in submission quality.
As expected, the performance of students on the final report is generally better than the average of their milestone grades as can be seen in Fig. 1 . The final report grade of each team registered in ChE 4225 over the last four academic years is plotted versus the average mark of their first seven milestone reports in Fig. 1 . The majority of the data points lie above the 45-degree line indicating that the final report grade is generally higher than the average grade of the milestone reports.
The same trend is observed when we focus on specific aspects of the final report such as the literature review for instance. The grade obtained by each team on the literature review section of their final report is plotted versus the grade that they obtained on their first draft of the literature review (milestone 2) in Fig. 2 . Again, the majority of data points lie above the 45-degree line Figure 1 Final report mark versus average milestone mark.
indicating that the final version of the literature review is generally of much better quality than the first draft. The frequent feedback and the multiple opportunities for practice in ChE 4225 allow students to learn from their mistakes and improve their design and writing skills. 
CONCLUSIONS
The universal management framework is a valuable tool for coordinating the work of students and co-mentors in the ChE 4225 senior design course. The milestone documents standardize the experience of all participants, irrespective of their project, by defining the main tasks to be accomplished and the evaluation scheme. A novel aspect of the framework is the requirement that the milestone reports be structured as sections of the final report. This facilitates the progressive assembly of a highquality final report. The students appreciate knowing exactly what is expected of them in the course and the frequent opportunities for feedback.
